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Plan of the lectures

Lecture 1: Electron scattering and the structure of matter

Lecture 2: High density QCD

A more specialized document:
« Electron Ion Collider: The Next QCD Frontier »
arXiv:1212.1701



SOMLE LSSUES

What is the wave-function of a hadron, a nucleus, at high
energy?

Relevance for heavy ion collisions: Initial versus final state
(QGP) effects.

Dominance of small x gluons. Saturation effects. Are they
relevant, visible?

Need for new schemes fo calculate. Non linear evolution
equations. CGC. How to fest these? In particular transition
from high pT regime to saturation regime?



SOME LSSUES

Is the saturation regime universal? Universality of the hadron
cross sections at high energy?

Initial state of nucleus-nucleus collisions?
Transition to the QGP? Thermalization?

Can this be understood in terms of weak coupling ? Or are
strong coupling techniques necessary ?

Etc.






wh Y electrons ?

Electrons are ‘pointlike’ particles (size less than 0.001 fm)

Interaction with matter well known (QED) and weak (can be
treated with perturbation theory).

In rest frame of nucleus

Exchanged photon is space-like
2 _ 2 2
-0 =qy—q <0
virtuality of the exchanged photon

6 R 4=




Elastic scattering

Elastic scattering on a nucleus. Ignore polarization effect (spin
average). Dominated by Coulomb interaction. Non relativistic

treatment.
dU) <d0'> 9
— | =5 (ol F(q)| Vo)
<dQ el df) point

e o Elastic form factor
Diffusion on a pointlike charge

Contains information
on the structure of the nucleu:

Mott cross section
(diffusion on a spin 1/2 point-like charged particle)

@’ cos” 6/2

AE2 sin” 0/2

O Mort =



Elastic scattering

Elastic form factor
F(q) = Z oiq:(ri—R)
i
WilF(@Iw) ~ [ dr et gy
For a pointlike particle F(q) =1

For a charge distribution
2

oz (i i)

Note factor ZZin the cross section: coherence.



Sowme form factors

Sharp sphere
singR — qR cosqgR

F(q) =32
(qR)?
Hydrogen atom 1 2 /
F — ~ — Uy
(Q) (1 1 C]QCL(Q)) w(r) (&
Proton qo ~ 0.84 GeV
N 1
Gpla) ~ 1) (r?) ~ 0.83 fm
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Inelastic scattering,

Same sfructure as elastic scattering

do
(d_Q> ~ I Mott S(q7 w> w=E-FE

inel

Response function:

S(w,q) = [(Tn] D e CTi|Wg)[? 6(w—wp) wyo = E, — Eg

OO . .
S(w,q) :/ dt ewt/d:gre_zq'rS(t,r)
— OO

S(t,7) = (Wolp(t, 7)p(0, 0)|Wy)

pla) = [ drea”pr) = 3 e

?



Sketeh of a proof

Coulomb scattering in Born approximation

d2
e Z (U, K| H, |10 k)| 0(E + B, — E — Ey)
Hint — Z ‘/;ou1(r - ’I"?;>
(Vs K| H,, [ 00; F) ) (U rZ e'T"|4p)

(] Z e' T |9hg) = (V| p(—q)|tho) = (V| J(—q) o)
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length and time scales

Characterizing correlations between density fluctuations

Natural length scale: nuclear size R

R

Natural time scale: o
F

If system is probed with

R
A<KR T —
VF

correlations are ‘invisible’: the probe scatters on
constituents as if they were non interacting
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Incoherent scattering on the protons of the nucleus

dk
g _
(W,Q) /(27T)3
_ Sm (w9
S(g,w) 4quZ : (qu 2k

Note the factor Z reflecting incoherence of the scattering



Deep inelastie scattering

Lorentz invariant

W?=(P+q)*=M*+2v+¢°
In rest frame of the proton v=DMg=ME-FE)

: Q°
Bjorken x xBjZQP.q OSxBjSI

For elastic scattering Xx; =1 (W=M)
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The inclusive cross section takes the form

DD

do cos?
dEdQ “ 4E2 sin*

(WQ(QQ, V) + 2 tan” ng(QQ, V))

N D

Generalization of the response function

W ﬁ / d'z 7T P|JH ()7 (0)| P)

g W- P P
o (g )T (o0 (Pt
q m q q



Incoherent scattering on point-like (spin 1/2) constituents

_ Q Q’ Q’
WM(”‘W) 2W1—z—mz5(”‘%)

The delta functions reflect energy momentum conservation

One can write
Q2

2mu

UWa(Q%, 1) = & ( 1) — §(zp; — 1)

2mW(Q%, v) @ 0 ( @ — 1) = wpj0(rp — 1)

B 2mu 2mu

Scaling. No scale !



Length and time scales (again)

Infinite momentum frame (for the proton)

P — (Pa OJ_a P)

Typical time scale characterizing the parton motion

1 P P typical parton time scales

Tpartons -~ E% ~ A2 are Lorentz dilated
QCD
Choose (Breit frame) ¢ =(q°,q.,0)
P.q:PqO: Q2 qO: Q2
2, 2x,, P
2x, P

¢

1
i ~ — ! 2 2
Duration of DIS process Ty proo" S T (Q7 > AZ )

QCD

Besides Q= —qg + qi X qi

so that the virtual photon probes transverse sizes Ax, ~ 1/0



Pre-QCD parton model
The proton is a collection of point-like fermions,

A parton of type i, carrying a fraction xF of the total
proton momentum contributes

4 W = 2mx 8(x, —x) e}

. pv_q“qv ZXF T up'q v vp°q
X[ (g q2>+P-q(P | qz)(P 1 g2 )]

If there are f;(x, )dx, partons of type 1 with a momentum fraction
between x_ and x_ -+ dx_, we have

1 .
Ix. 1 .
wry =Y J " f(x ) WHY :52 e2fi(x), Fa=2xF;
1 1

X
8 0 I



what about RCD

The parton picture emerges without specific reference
to the actual dynamics.

Asymptotic freedom does not seem required...

Dynamics enter in specific deviations from the simple
parton model (scaling violations)



The « wave function » of the proton (or nucleus) depends on frame,
depends on probe, etc.

Relativity 1s important

Constituents: nucleons, valence quarks, gluons, sea quarks
and antiquarks

Light cone wave function

proton > = ¢o|QQQ > +¢1|QQQG > +c2|QQQ sQ sQ) >
+ - -+ Cyac | QQQvVacuum >

Q

- sea Q vacuum



tiikﬁ_ dx

dP ~ aq 1
T

One can calculate the change of the wave-function, not the wi
itself. One needs « initial conditions »



radtation and muLtipLicatiow of partons

dk? dx

/&
\QQQQQQ C”j = (kg Lﬁ_ .
k

€.9., for a single valence quark (perturbation theory)

C 2

XG(x, 0°) = —E1n (Q )
o\

Gluon density
¥G(x, 0?) f‘f o, dN
— d kL
R? dyd?k , d*b
FOukob) = (2m)3 dN
s Ix ]y -

2(N2 - 1) dyd?k, d?b



what @CD tells us

Asymptotic freedom leads to specific violations of the

naive parton model: Q° dependence of the structure
functions.

The parton distributions are non perturbative, but their
dependence on x and Q° can be calculated with
perturbation theory (from non perturbative initial
conditions). Evolution equations (DGLAP, BFKL, etc).

The parton distributions are universal, i.e., they are
the same in all inclusive processes.



DIS results for I, and DGLAP fit at NLO :
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Length and time scales (again)

We want to characterize the typical time and longitudinal distances involved in

f d* x e (P|J*(x)J” (0)|P)

Light cone coordinates

KO+ X3 ¢ + ¢ 00 33 _ + -, — 4
Xt = * = qXx —qgx =g X t4q X
V2 Y/
DIS in proton rest frame, with ¢ = ¢°,0,,q°)
0 o_ @
We have v=P.g= Mg~ sothat ¢ = M, > ()

Also, 0<0* =’ -(°? hence ¢’ ~¢qg >0



Therefore

()+ 3 ~ 0o_ 3 + — Q2 MxBj
2 V2 q 2V24° V2
It follows that
x+~1z\/§>1 x_leMxBj«l
|q_| MxBj - AQCD q+ \/§Q2 AQCD
t+z2 V2
that is, f ~ 7 and = —=x V2=
V2 M x,
If X, <1 tws ~ 1/(Mxy) can be much greater than /Ay,




Geometrical scaling

oreale, @) = [i: [ [ucr ) rQ2| 2 [ (1= 5, (x.9)
—_—

Odivole

2
~ 1/Q

107 \h&%

10
T A
9 2 0 ZEUS BPT 97
Tr) = —_— ZEUS BPC 95 ‘ .
S 0 2 ,
T H1 low Q° 95 %
1 ZEUS+H1 high Q° 9495 &
v :'f;;,_‘
E665 a8,
x<20.01 % 4
. . . 1 Q° N2 2 7
(Golec-Biernat,Kwiecinski,Stasto) 2l T = Q7 /Qx
107

107 10 2 10 1 10 10°






Gluow denstity is large at small x

xf

H1 and ZEUS
__Xe 2= 10 GeV?
Q = ¢
10 ——
- XS
1E
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| —— HERAPDFL0
102 ¢ - exp. uncert.
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Now linear effects in @CP

Occur e.g. in
® Physics of the quark gluon plasma

e High density of small x gluons

A system can be strongly coupled (or strongly
interacting) even when the coupling constant 1is
small

Non linear effects in QCD when (typically)
Ou ~ 8Ay

or equivalently

(8- A)*) ~ g*(A%)



Quantum ChromoDynamics

1 _ -
L= —STI‘F}UJ F* + Z “'I,ﬁ'fv’f( I@ — ‘7'?’2..f)"l;ﬂ’f
- f

D, =9, —igA,

( i b :
Fl L 0}144(1 o 1“4(1 4+ (fu )C 4“‘4;

LV

Ll 4



uark-gluon pLasma
(8- Ay ~ g°(A%)?

Thermal fluctuations

“ &’k n 1
2 k — ~ —
A~ | G~ T mTgmoy T ks
One can define an expansion parameter
_ gXA%) , &7
K — K2 K K

For short wavelength modes y7r ~ g2 and one can use
perturbation theory

However, for kK ~ ng we have v, ~ O(1)

Long wavelength modes are strongly coupled, and highly
occupied n, ~ 1/g° whatever the strength of the coupling



weakly AND strongly coupled ...
The RGP is a multiscale system.

Degrees of freedom with different wavelengths
are differently coupled.

Expa WSLOW parameter olepewols ON magwi’cude
of thermal fluctuations and on thetr
wavelengths

- gH(A%),
)/K — )
K




Gluon saturation
B (2m)? dN,
" T 3N - 1) Pk b

Gluon phase space density

Small x gluons

dN dN dk. dx
G(x,0°) =x— ~ — dk,db, ~ &% =
WG Q) =0~ Gkdb, B 5
1
Recall typical transverse size of small x gluons Ax, ~ é
xG(x, 0 O g2
(ZQ):f -;ng:<A2>Q
TR (27)
Non linear effects expected when Saturation momentum
2/ 42 2
g (A% ~ 0 . xG(x, 0%
Qs ~ a/S 2
R

gluon saturation for

CKS



The saturation scale Qs

2 2 TG{I-.QE]

Qs ﬂi{Qs} "J'TRE
From fit to DIS (HERA)

—1GeV  1q=3x 1072

2 N 2 o A Qo o T X
Qs (z) = Qg — A~ 0.3
G 4. 2
In a nucleus L ..4(1’.,2(2 ) ~ Al/3
TR

Q3 — Q2AY®  x=10"2 - Q?~2GeV?  (forA = 200)
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‘wave-function’ of a nucleus
at very high energy
Linear evolution equations
and onset of saturation




radtation and muLtipLicatiow of partons

dk? dx

- ? o~ oy
\QQQGQQ dp_fxs Lﬁ_ .
k

€.9., for a single valence quark (perturbation theory)

2
xG(xQ)—a—SFl (S)

when o In Q2 ~ 1 leading order perturbation theory is not
enough. Resummation s needed

» DGLAP cascade



Evolution equatiows

asInQ* ~ 1 (DGLAP)

, 0 >, a(0?)
Q(?_QzG(x’Q)_ o

|
d
f fP(x/z)G(z, 0?)

asInO*In(1/x) ~1 (DLL)

0* xG(x, Q%)  aCy )
n(1 /0902~ o9

xG(x, Q%) x exp {2 \/c‘x In l In Q—z}

X Q(z)



a,In(l1/x) ~1  (BFKL)

Bf(ykz) asN, >
ay f - pz(k_ )zlf(yp)__f(yk ]

Exponential growth of density at small x

i 1 wQa
f(y’ ki) ~ WAy (_)
X

rRadiated gluons act as sources for
the emissions of new gluons



DGLAP cascade

2 2 . -
kLn >>'kln—l > ...}>~k$2 >>'kl1

BFKL cascade

VUUUUU U OO

00005000003303053‘

000000000000 A3, 1 -

P



Growth of structure functions s tamed by
non-Linear contributions in evolution equations

[Gribov, Levin, Ryskin,83’]
For Lnstawnce,
9% xG(x, Q%)
d1n(1/x) 01n Q2

3 2\12
= (—l’s XG(-x, Qz) _ C-l’f 7; [XG;);,QQz )]

[Gribov, Levin, Ryskin,83’- Mueller, Qiu, 86°]

Ewmergence of a scale: the saturation momentum

02 ~ 0, G 07) xG(x,07) 1
A \) ]TR2 7TR2 (}{S




In 1/x

Y =

saturation
region







warm up eXercLse

nteraction of aw electric dipole with a random field €

9

9
H=-d-E 7
—>
evolution operator
9
_iHT _ _idET E
U=c¢ =€ -
Average over the random (Gaussian) . T 4
distribution of € field
_1d* L s
S = e 4 r% ﬁ — <E T >

S

& Sur\/i\/aLprobablLi’cH >
1 d

§2=¢ 27



Eikonal propagation of the quark in the nucleus

Ux,) =Pexp [—igf

— Q0

+00

dx AT(x™, xl)]
Dipole-nucleus scattering amplitude

Sh,r,) = NiTr<U(b + %—) Ut (b — %)>




Color alipol,e L etikonal approximatiow

S-matrix for a high energy quark moving tn negative z-direction

U(x,) =Pexp [—ig /+OO dz" AT (27, x))
Dipole cross section o
oaip =2 [d*b(1 — S(b,ry))
S(b,r,) = NicTr <U(b Iy pte - ﬂ)>

2 2
For qaussian fluctutations of the gauwge field, one can caleculate S
2.2
S(ry) =" QF e (E(x,)?) o xG(x, 1/r7)

Note « color transparency »: the scattering amplitude vanishes
as I’J_ — O

« Black disk » Limitt when 1, > 1/0;



Dipole S-matrix in terms of Wilsow lines (etkonal)
1 r, r,
’ —_ _T - T _ >
SMr) = r<U(b+ LACEES

+00

Ux,)=Pexp [—igf dx‘A*(x‘,xl)]

—00
ASSUME OAUSSLAN average

S(r,) = exp{-g’Cr(A"(r, /2)A* (-1, /2))]

.\ N _ [dk 1 —e®m
(A"(r /2)A"(-r_/2)) = S p4(K)

+ +- 2 I'%_ r(2)
(A"(r /2)A"(-r_ /2)) = 4 161 In r_zL
Q1
() = exp -2 02 = aCpy (2 /r?)



Geometrical scaling Q%(x) = Q2 (:1:0

o(x,0%) = a(Q*/Q°(x))

(Golec-Biernat,Kwiecinski,Stasto)

2 19°
=)
£
-}
O
10°
10 o
ZEUS BPT 97 < Q%’g
ZEUS BPC 95 « b"m%
Hl low Q> 95 g
1 ZEUS+HL1 high Q° 94-95 "&%
E665 M TVed
x0.01 3
all Q° 2 ) )
T=Q7/Q%
-1
10
107" 10 10 1 10 =

10 10°



The evolution of the dipole amplituole

> X > X
\J\’\/\/“Z + I\/\/\/\,z
< y < y

(B-JIMWLK)
oy (Tr (UL, ), = — ;:? f d*z Kqy. (N.Tr (UlU, ) — Tr (UIU, ) Tr (UL, ))
_ (x—y)?
o = @ 2Py 27
(BK) (Tr (UIU.) Tr (UIU, ) ~ (Tx (UU.))(Tx (UIU, )

Qs N,
— f— K:myz Nm,z + Nzy Nmy — NmyNzy)




The ‘saturation front” and its universal behavior

Travelling wave solutions [Meunier, Peschanski, 057]

N, Y)=N@r—ryY))

N(r)| ---- Running, K1 ¥=0,6,12,18

1L —— Fixed, KO

‘eometrical scaling’
naturally emerges

0.6—

0.4

10° 107 10° 10° 10™

Awnalogy with reaction difffusion processes

OyT(p,Y) =T, Y)+T(p,Y)-T(p,Y)






Averaging over color field of the nucleus
| r, ¥ r,
ETr<U(b + U - )

During interaction process, the field A of the target is frozen
(separation of scales - adiabatic approximation)

(- )y = f DA |Dy[A]l* (A]---|A)

Fields are created by (frozew)sources. Fields are obtained
from Yang-Mills equations
Dy, P =" J¥(z",z1) =6 Tp(z”, z1)

Emphasis is put on small x part of the wave function (strong
SOUrces)



More conventional notation (fields -> color charges)

[Dy[A]l* & Wy[p]

Evolution equations (JIMWLK, BK) ma Y be viewed as
now Linear egquations for Wylpl

Emphasts is put on color charge distributions and
thelr corvelations

MYV model

(p*(z7,21)p°(y™,y1)) = dapb(z™ —y7 )6 P(z1 —y1)p(27)
]_ — E—QE"‘%_M

2
Ty

—ik-r

falkl) =

4 2
Q2 = 5 —n(b)2C(z,Q?)

[




So, what is the color glass condensate?

Evolution equation

Attempt to caleculate ‘wave functions’
from first pr'w»cip les




Wilson line operators and the U-representation

T

Calculate change in expectation values, 90, (tr(UlU,)),, rather than the

expectation values themselves. Focus on the evolution of the dipole

O (tr(UgUy)) 7 =

_ s [ 2s (x —y)’ HUTU Y — (U U N (U
21 /d (- 2)*(y — 2)? (Netr(UgUy) = tr(UgUs)tr(U2Uy)),

UM ... UD), = ﬁdu(U)] U .. UD Z.[U]

| I o
0:Z: U] = 5 Vi XgylU] Vy Z: (U]

2z “
X:C::I;;[U] o %—/(;ZT)Q ,Cmyz [(1 - U:I:Uz)(l T U.I.Uy)] ’
e _le-2-(y-2)

ET (2 —2)2(z — y)?



The Colour Glass Condensate

A model for the hadron wavefunction — explicit calculation of
expectation values. Soft gluons (zP7) treated as classical fields. Fast
partons (k* > xP*) create a source p,(z~,x) for the soft fields.
pa(x~,x) is a random variable

(DI/FV“)(I.(I) — 5/1'—%/)(1.(17_3 ZB)
Renormalization group procedure p — p + 5,0
- lox
- 20p

—~

(0p) ~ o (0pdp) ~x o

(tr(ULU,)), = / [d] W, (] (tx(UL[pU,) o]}







E—mpiricat evidences

- qeometrical scaling (PIS, photon-A,pp, ete...)

- Multiplicity tn Hi collistons, energy dependence,
centrality dependence

-Limiting fragmentation

-Long range mpiolitg corvelations (‘ridge’, tn AA, tn pp)
-Forward rapidity phenomena (disappearance of Cronin

peak, disappearance of dijet correlations)

For a recent review, see Albacete, Marquet in arXiv:1401.4866



Phenomenology based on a few ingredients
N®B. 1) Phenomenolog Y s blind to many details of the theory.
L) Many features hold only LA asy, mptotic regimes

Saturation momentum

Q: = Qf (i)i Q% (b) = Q3(0)T4(b) TA(b) = [ dzp(b, 2)

Lo
Runwniing oovqsLng

Ay = a’s(Qs)

RT factorization
dN 1 a5 [d°k,
- ' k p, —k
dyd?pJ_dﬂb Q?TJCF pi/(gﬂ_)gqaﬂ(:rl: l)qﬁﬂ{iﬂﬂ,lpl J_l]

Evolution equation (BK or tmproved versions, reBK, ete)
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N
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8
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B + - Armesto et al, [12]
B R Kharzeev et al, [13]
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/2)

part

dN_, /dn/(N
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Forward correlation in di-hadron production
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The calculation involves complicated correlators of Wilson lines
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 intrinsically difficult (can be simplified a bit in large Nc¢)
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